ABSTRACT: A novel optoelectronic nose for analysis of alcohols (ethanol and methanol) in chemically complex environments is reported. The crossresponsive sensing unit of the optoelectronic nose is an array of three distinct hollow-core infrared transmitting photonic band gap fibers, which transmit a specific band of IR light depending on their Bragg mirror structures. The presence of alcohol molecules in the optofluidic core quenches the fiber transmissions if there is an absorption band of the analyte overlapping with the transmission band of the fiber; otherwise they remain unchanged. The cumulative response data of the fiber array enables rapid, reversible, and accurate discrimination of alcohols in chemically complex backgrounds such as beer and fruit juice. In addition, we observed that humidity of the environment has no effect on the response matrix of the optoelectronic nose, which is rarely achieved in gas-sensing applications. Consequently, it can be reliably used in virtually any environment without precalibration for humidity or drying the analytes. Besides the discussed application in counterfeit alcoholic beverages, with its superior sensor parameters, this novel concept proves to be a promising contender for many other applications including food quality control, environmental monitoring, and breath analysis for disease diagnostics.
A nalysis of deleterious chemical substances in end-user products (complex environments containing several diverse components) is of great interest in food, biomedical, and chemical industries in terms of quality control and public health. 1, 2 The most common analytical methods to discriminate chemicals in complex environments are spectroscopic techniques, often coupled with chromatographic methods, such as gas chromatography/mass spectroscopy (GC/MS). Although such methods ensure high sensitivity, they are usually unable to differentiate similar chemicals in mixtures. 3 Also, they are expensive, labor intensive, time-consuming, and not portable. Therefore, rapid, cost-effective, and portable sensors with good sensitivity and selectivity are highly demanded for in situ analysis of chemicals in complex environments.
A promising way to detect a single chemical in complex mixtures or to differentiate similar mixtures from each other is to use array-based sensors, so-called artificial noses. 4−9 Initial artificial noses utilize mostly electrical 10−14 (e.g., metal oxide and polymer semiconductor arrays) and mechanical transducing elements 15−18 [e.g., differently functionalized microcantilevers and quartz crystal microbalance (QCM) and surface acoustic wave (SAW) sensors]. In these schemes, electrical or mechanical properties of each sensor element shift as a response to sorbed chemical species. Ever since the first prototypes, the design parts of electronic noses have barely changed; electronic noses invariably comprise an array of broadly responsive sensing elements, coupled with a pattern recognition software to sort out the recorded half-fuzzy data for the precise yet ephemeral smell information. More recently, optical smelling gadgets (i.e., optoelectronic noses) have also arisen, incorporating fluorescent dye-coated optical fibers, 19−21 colorimetric dyes, 22−24 or mesoporous Bragg mirrorarrays. 2, 25 These methods detect odorants based on changes in an optical property (e.g., fluorescence, refractive index, or absorbance) of an active layer (e.g., dye-doped polymers). Optical transducing schemes enabled production of more compact artificial noses with low power consumption. Also, they have been successfully applied for discrimination of complex mixtures such as coffee aromas and soft drinks. 1, 26 However, their response and signal regeneration (recovery) times are relatively long because the analytes must first diffuse into the active layer and then desorb to the environment for each measurement. In addition, once the analytes diffuse into the active layer, they can irreversibly change the properties of the layer, which constrains their reusability.
Recently, we have developed a distinct optoelectronic nose concept using hollow-core photonic band gap (PBG) infraredtransmitting fiber array. 27 In this design, analytes are detected through their infrared absorption in microfluidic channels of the fibers, which enables direct smelling of the odors, without the need of an active layer. Thus, with such an optofluidic 28 approach, odors can be detected and response signal can be generated in less than a second without any baseline drift of the initial signal. The fibers are produced by thermal drawing method 29, 30 and can guide a specified spectral band of infrared light, which is determined by their Bragg structure. In our previous works, 27, 31 we showed that, by use of this novel concept, a large number of chemicals can be selectively and sensitively identified from vapors of pure analytes.
In this work, we demonstrate that the optoelectronic nose can also successfully operate in complex chemical environments, in addition to pure analyte environments. For this purpose, we tested solutions of two very similar chemicals (ethanol and methanol) in complex environments (beer and fruit juice) with the optoelectronic nose. The discrimination of these two resembling alcohols from each other is particularly important to detect falsified alcoholic beverages, in which methanol is used instead of ethanol. While methanol is cheaper than ethanol, it is very toxic to humans; ingestion of as little as 10 mL can cause blindness, and an amount of 30 mL can be fatal. 32 In order to detect toxic methanol-containing alcoholic beverages, we prepared an optoelectronic nose using three optofluidic PBG fibers, which have different spectral positions in the infrared region. The spectral positions of the fibers were determined according to Fourier transform infrared (FT-IR) spectra of ethanol and methanol, to match their absorption bands with the fiber transmissions. Initially, we tested the optoelectronic nose on binary and ternary mixtures of ethanol, methanol, and water, and it was observed that the optoelectronic nose can rapidly (in a few seconds) and reversibly discriminate ternary mixtures even at low alcohol concentrations. Typically, it is very challenging for electronic noses to smell in highly humid environments because water can strongly interact with most types of sensor elements (e.g., metal oxide and conjugated polymer sensors) and largely block the signal obtained from the analytes. 33 Therefore, before measurements, analytes must be dried in some manner. On the other hand, the optoelectronic nose can directly analyze the alcohols even in 100% humidity since water vapor does not have any absorption band that overlaps with the transmission bands of the fibers; therefore, water does not affect the IR transmission of fibers (sensor response). Finally, we showed that the optoelectronic nose can discriminate methanol-containing (falsified) beverages from ethanol-containing beverages with nonalcoholic beer and mixed fruit juice as complex backgrounds.
■ MATERIALS AND METHODS
Materials. Ethanol and methanol were purchased from Merck (Germany) and Carlo-Erba (Italy), respectively. Nonalcoholic beer and canned mixed fruit juice was purchased from a local market. All materials were used as received.
Fiber Fabrication. Hollow-core photonic band gap fibers utilize in-fiber dielectric mirrors; they are periodically layered structures of varying thickness and refractive indices. These structures are produced so that they obey the quarter wave stack (QWS) equation for omnidirectional reflection at the desired wavelength. 34 Fibers used in this study have dielectric mirror layers of poly(ether sulfone) (PES) and chalcogenide glass (As 2 Se 3 ). First, both sides of PES films were coated with chalcogenide glass by a thermal evaporation technique. Control over PES and chalcogenide thickness is necessary at this stage for the final structure to obey the QWS equation for omnidirectional reflection. The coated polymer was wrapped around a cylindrical glass rod. After multiple rounds of polymer around the rod, a cylindrical multilayer photonic crystal was obtained. This structure was solidified with heating in vacuum to obtain a macroscale preform. By thermal drawing of the preform, hollow-core photonic band gap fibers of extended length and desired band gaps were produced. 29, 30 Analyte Preparation. Ethanol, methanol, and water solutions with different volume percentages were prepared in plastic vials. For beverage adulteration experiments, nonalcoholic beer and canned mixed fruit juice were adulterated with 5% ethanol and 5% methanol individually right after opening the bottle. All samples were stored at room temperature.
Measurements. The scheme for the optoelectronic nose utilizes an IR source, collimator optics, hollow-core IR fiber array, and an IR detector (see Supporting Information, Scheme S1). Measurement system should enable the coupling of IR light to fiber and delivery of analyte into fiber simultaneously. A simple handmade tool with two entries was attached to one end of the fibers. The other end of the fibers was left open to allow flow of analyte gas and transmittance of IR radiation to the detector. One entry of the tool was kept open to allow the coupling of IR radiation, and a hose for analyte delivery was fixed at the other entry. Blackbody IR light source (SiC filament) and DLaTGS (deuterated L-alanine-doped triglycine sulfate) IR detector of a FT-IR system (Bruker Tensor) were used for IR absorption measurements. Two zinc selenide (ZnSe) lenses were incorporated for coupling of radiation into fiber. The radiation transferred to the other side of the fiber was measured by simply placing the DLaTGS detector at the end of the fiber.
Analyte solutions were inserted into a flask and their vapors at room temperature were introduced to the fibers by use of nitrogen carrier gas at a flow rate of 1000 sccm. The gas flow was adjusted with a mass flow controller (MKS, multi gas controller 647C). After each measurement, the analytes inside the fibers were removed with pure nitrogen gas.
Data Analysis. Obtained transmission values for various analytes were discriminated by use of hierarchical cluster analysis (HCA) as the pattern recognition technique. The analyses were performed by built-in HCA algorithms of a commercial software. Squared Euclidean distance metric and single-link linkage method were used for the dendrogram in Figure 3c ; squared Euclidean distance metric and Ward's linkage method were used for all the remaining dendrograms (basic algorithms of the pattern recognition techniques are provided as Supporting Information).
■ RESULTS AND DISCUSSION
Optoelectronic Nose Design. Optoelectronic nose comprises a broadband light source, hollow-core photonic band gap (PBG) fiber array, and DLaTGS IR detector. The length of the fibers is typically around 30 cm, their hollow-core diameters are around 750 μm, and their cell volume is about 150 μL. The broadband light source is coupled to each fiber via an IR lens, and the transmitted integrated infrared energy from the other side of the fiber was monitored with the DLaTGS detector (see Supporting Information, Scheme S1). In optoelectronic nose design, thermally drawn (see Materials and Methods) optofluidic Bragg fibers (sensing elements) are used for three purposes: (i) filtering the incoming infrared light depending on their PBG structure, (ii) guiding the filtered light, and (iii) as miniaturized gas cells. The Bragg structure of the fibers (Figure 1a) , produced utilizing high refractive index contrast dielectric multilayers, determines their transmission spectra. By simply changing the dielectric layer thicknesses, the transmission spectra of fibers can be tuned in the whole midAnalytical Chemistry 35 Fibers used in this study have fundamental transmission bands at around 910 cm −1 (11 μm), 1030 cm −1 (9.7 μm), and 3100 cm −1 (3.2 μm) and are designated as fibers 1, 2, and 3, respectively (Figure 1b) . Also, second-order transmission bands with much lower intensities, which is typical for Bragg fibers, 35 for fibers 1 and 2 were observed at around 2750 and 3400 cm −1 , respectively. For fiber 3, the second-order band is out of the measurement range. The spectral positions of the fibers were decided by examining the FT-IR spectra of analytes, which will be discussed below in detail.
The fiber responses after analyte (ethanol, methanol, and water) introduction and their FT-IR spectra are given in Figure  2 . Fiber transmissions decrease by analyte vapors if the analyte has an infrared absorption in the transmission band range of the fiber; otherwise they remain unchanged. For instance, ethanol vapor resulted in a large quenching in the transmission of all fibers (Figure 2a ). On the other hand, introduction of methanol quenches the fundamental transmission bands of fibers 2 and 3 but not fiber 1 (Figure 2b ). When we examined the transmission of fiber 1 after methanol introduction in detail, we observed that its fundamental transmission band was slightly reduced (Figure 2b , inset at left) due to the tail of the absorption band of the methanol centered around 1000 cm −1 . Second-order transmission band of the fiber was also significantly quenched by the absorption band of the methanol at around 3000 cm −1 (Figure 2b , inset at right). Water vapor did not quench the transmission of any of the fibers (Figure 2c ) since it does not have any absorption band in fiber transmission regions (in other words, the optoelectronic nose cannot smell the water vapor); therefore, the response of optoelectronic nose is independent of the humidity of the environment.
Sensor Array Response against Alcohol−Water Mixtures. In order to demonstrate the efficacy of the optoelectronic nose in discrimination of binary and ternary alcohol water mixtures, we tested several alcohol solutions. The alcohol percentages in the mixtures were selected between 5% and 40% by volume since most of the alcoholic beverages have alcohol percentages in this region. The response matrix was collected by measuring the fiber transmission before and after analyte introduction. For each chemical and fiber set, the ratio (I/I 0 ) between total transmitted intensity before (I 0 ) and after (I) interaction with the analyte is calculated and analyzed. A typical sensor response data is presented in Figure 3a for further discussion (see also Supporting Information, Table S1 ). Also, the average values of at least three different measurements for various alcohol concentrations and their standard errors are given in Table S2 (see Supporting Information), which indicates the good reproducibility of the sensor array response. As we previously mentioned, the total transmitted light intensity of the fiber array remained unchanged against water vapor. For other cases, fiber transmissions decreased depending on the ethanol and methanol percentages of the mixtures. Also, we observed larger quenching percentages at higher alcohol concentrations as expected. In order to better visualize the differences in the fiber array response set, we also present the data as a 2D color map (Figure3b), where each mixture resulted in a distinct blue-scale color pattern. The multivariate distances between mixture responses (i.e., the distances in threedimensional data space collected from three fibers) were examined by performing a hierarchical cluster analysis (HCA) that utilizes "squared Euclidean distance" metric and "singlelink" linkage method (for further details see Supporting Information). 6 The dendrogram, showing the distances between three pure chemicals and their eight mixtures, indicates clear separation between all responses (Figure 3c ). The algorithm clusters the analytes into two main groups of alcohol concentrations: low and high. Also, within these two groups the solutions with the same alcohol percentages are closely clustered. For instance, 40% ethanol, 40% methanol, and 20% ethanol + 20% methanol solutions formed a subgroup among solutions with high alcohol concentrations. As a result, measurements are arranged in order of alcohol concentrations from top (pure alcohols) to bottom (water) of the dendrogram. The distances in the dendrogram are highly reproducible, even for the lowest alcohol concentrations, which will be discussed in detail below.
The effect of alcohol percentage on quenching of fiber transmissions was studied in detail with fiber 2. Ethanol and methanol solutions in water with alcohol percentages ranging between 0.5% and 20% were introduced to the fiber, and fiber transmissions were recorded. This experiment was repeated three times for each analyte. Figure 4a ,c shows that as the concentration of ethanol or methanol increases, the fiber transmission is reduced gradually. We observed a good consistence for both analytes with the Beer−Lambert law; that is, there is a linear relationship between concentration and absorbance. Using these linear relationships, we calculated the limit of detection to be 0.31% and 0.27% (v/v) for ethanol and methanol, respectively. Corresponding molar percentages are 0.097% for ethanol and 0.122% for methanol. By assuming that solutions are ideal mixtures (note that since the molar percentages of the alcohols are very small, the deviation from ideality can be neglected), we calculated the concentration of the alcohols in the vapor phase to be 57 and 157 ppm for ethanol and methanol, respectively. Therefore, it is possible to quantitatively analyze the alcohol solutions with good sensitivity.
However, it is obvious that one cannot discriminate two alcohols from each other by use of a single fiber; to qualitatively analyze the alcohol solutions, more than one fiber is needed. Since each fiber scans a different part of the infrared region for a possible absorption band, reliable differentiation depends strongly on the number of fibers in the array. To discuss this, we obtained the dendrograms of analytes using the response of single fibers ( Figure S1 in Supporting Information). Figure S1 demonstrates that if the analysis is done with only single fiber, meaningful and reliable classification is not possible. For instance, for fiber 1 there is no significant difference between 5% ethanol and 10% methanol, and for fiber 2 the same phenomenon is observed between 10% ethanol, 10% methanol, and 5% ethanol + 5% methanol. On the other hand, as previously mentioned, when all fibers are used it is possible to discriminate all analytes successfully. In other words, the combinatorial response obtained from all fibers allows us to analyze the alcohol water mixtures both qualitatively and quantitatively.
In addition, it is interesting to note that the response of fiber 2 to a ternary mixture is a combined response of its reaction to binary mixtures with the same alcohol percentages. Figure S2 (see Supporting Information) shows response of fiber 2 to binary and ternary mixtures with same total alcohol and water concentrations but varying in percentages of ethanol and methanol. The 10% methanol mixture demonstrates the highest quenching in transmission of fiber 2 at 1033 cm −1 and 10% ethanol at 1045 cm . The 5% ethanol + 5% methanol mixture's quenching is intermediate at both frequencies. Therefore, it may be possible to determine the concentrations of alcohols in a ternary mixture by investigating the quenching of fiber 2.
Sensor Array Parameters. The reproducibility, reusability, and fast response time of the optoelectronic nose was demonstrated by five repeated measurements of 5% methanol and ethanol solutions and pure water. We observed that the signal of the quenched fiber regenerates in less than a second by simply flushing the fiber with the carrier gas, and it immediately quenches again by introducing the analyte vapor. For instance, Figure 5a shows such five repeated measurements performed with fiber 2 and 5% methanol solution. The statistical error in the intensity ratio of the repeated measurements (Figure 5a , inset) was calculated as 0.75%, which revealed that the response of the optoelectronic nose is highly reproducible. Intensity ratios for all fiber and analyte sets are given in Supporting Information (Table S3 ). The HCA analyses (performed using minimum variance Ward's method) of the repeatability measurements (Figure 5b ) demonstrated that the optoelectronic nose successfully identified the mixtures, without a mistake, for several repeated measurements. These results revealed that the optoelectronic nose can rapidly, accurately, and reproducibly discriminate 5% methanol and 5% ethanol solutions.
Discrimination of Alcohols in Complex Environments. Industrial-scale production of methanol-containing counterfeit alcoholic beverages is a growing worldwide problem causing serious health problems, including breathing difficulties and blindness and even death. 36, 37 Conventionally, it is very challenging to analyze alcohols in highly interfering alcoholic beverage environment, which can be composed of water, ethanol, carbon dioxide, and many other volatile (aromas and flavors) or fixed compounds. 38 Besides the background complexity, another challenge of alcohol analyses in counterfeit alcoholic beverages is the highly similar physical and chemical nature (i.e., functional groups, polarity, vapor pressure, molecular size etc.) of methanol and ethanol. In fact, successful discrimination of ethanol and methanol by an electronic nose, even from their pure vapors, has been rarely reported. 39−43 On the other hand, here we demonstrate discrimination of ethanol and methanol in complex environments by taking advantage of the high selectivity of the optoelectronic nose concept. 31 Spectral positions of the fibers were selected after investigating the FT-IR spectra of ethanol, methanol, water, and carbon dioxide, which are the main components of the vapor of an alcoholic beverages, since their vapor pressures are higher than the other compounds such as aromas and flavors. The transmission bands of the fibers were adjusted to overlap with the main absorption bands of ethanol and methanol and not to overlap with water and carbon dioxide. Other volatiles in the complex background have no significant effect on the transmission of the sensor array since their concentrations are very low compared to the other components. Therefore, our sensor array can selectively discriminate ethanol and methanol in a complex alcoholic beverage background.
In order to simulate the complexity of the alcoholic beverage background, we used nonalcoholic beer and mixed fruit juice. Both samples were spiked with 5% ethanol and 5% methanol, and five repeated measurements were taken. The dendrograms corresponding to HCA analyses of the samples in nonalcoholic beers (Figure 6a ) and mixed fruit juice (Figure 6b ) revealed successful discrimination of these two alcohols from each other in chemically complicated environments. The optoelectronic nose classified the alcohol solutions correctly for all five measurements in both environments.
Results of all measurements are provided in Supporting Information (Tables S4 and S5 ). Interestingly, none of the fibers respond to the nonalcoholic beer and mixed fruit juice backgrounds. On the other hand, samples spiked with 5% alcohol resulted in a significant decrease in the fiber transmissions, which is in good accordance with the results of alcohol water mixture experiments. As we previously reported, 27 the sensitivity of the optoelectronic nose is around low parts per million (ppm) levels (comparable with the sensitivity of FT-IR spectroscopy) since a blackbody light source was used in the optoelectronic nose design. The sensitivity of the nose is not high enough to smell the volatiles in these beverages, which might have concentrations in the vapor phase lower than 1 ppm. Therefore, beer and fruit juice vapor introduction did not affect the fiber transmissions. We note that the sensitivity of the optoelectronic nose can be simply improved by use of more powerful light sources such as quantum cascade lasers (QCL). 44 However, for our case the sensitivity of the optoelectronic is more than enough since a 5% alcohol solution is equivalent to around a couple of thousand ppm concentration in the vapor phase, which is almost 2 orders of magnitude higher than the sensitivity of the optoelectronic nose (57 ppm for ethanol and 157 ppm for methanol). In addition, improving the sensitivity may make data evaluation more complicated because the volatile chemicals in the backgrounds become detectable by the optoelectronic nose.
■ CONCLUSION
In conclusion, we investigated qualitative and quantitative analytic qualities of the optoelectronic nose concept in complex environments. The main technology of the developed artificial nose is optofluidic Bragg fibers, which are employed as IR filter, gas chamber, and waveguide simultaneously. Transmission bands of the fibers can be controlled during fabrication, and therefore a specific fiber array for a specific purpose can be designed since IR absorption spectra of chemicals are wellknown. We chose two alcohols, ethanol and methanol, to conduct analytical experiments, and we designed the fiber array accordingly. The discrimination of these two alcohols is particularly important to detect toxic methanol-containing counterfeit alcoholic beverages. This is a challenging task for artificial noses for two reasons: (i) beverage background In an environment with various volatile organic compounds, it is possible to distinguish methanol-adulterated beverages. Abbreviations indicate analyte name and percentages, such that 5E is the solution containing 5% ethanol in beer or in fruit juice.
contains several volatile chemicals that can interfere with the sensor elements, and (ii) ethanol and methanol are very similar in physical and chemical properties (molecular mass, vapor pressure, polarity, etc.). In this study, we demonstrated that the optoelectronic nose can selectively discriminate these two alcohols independent from the background. In addition, other analytical features of the optoelectronic nose, that is, sensitivity, reproducibility, reusability, and response time, were demonstrated. The optoelectronic nose concept is proved to be able to discriminate ethanol and methanol mixtures of concentrations down to 5% by volume in a couple of seconds. The optoelectronic nose revealed excellent reusability; the signal is totally regenerated by simply flushing the fibers with nitrogen. Quenching experiments performed with fiber 2 revealed a linear relationship between absorbance and concentration in the range of 0.5% to 20% alcohol concentrations, which can be exploited for a simple quantitative analysis. We shall emphasize that the flexibility in the optoelectronic nose design and its simple and cost-effective production makes this novel concept a promising artificial nose candidate, which could be employed in many aspects of our everyday lives. 
